A human submandibular-gland (SMG) cDNA library was constructed in a A gtl 1 Sfi-Not orientation-specific expression vector and then screened with antibody generated against human salivary cystatins. The clone C4-4 encoded an Nterminally truncated cystatin S, whereas the others encoded cystatin SN. The library was then rescreened with the C4-4, and the inserts of several positive clones were directly amplified from the eluted plaques by linear PCR and the PCR products analysed by Southern blotting and direct DNA sequencing. Two clones (C3 and C12) encoded a full-length secreted cystatin S and its leader peptide and included 5'-and 3'-untranslated regions. These clones showed a high degree of sequence similarity to cDNA clones encoding human salivary cystatin SN and genomic clones encoding cystatin SN and SA. Hybridization in situ of normal human SMG and parotid-gland (PG) tissue sections localized the cystatin-gene transcripts to the cytoplasm of serous acinar cells of both glands, with a much higher concentration of cystatin mRNA in the SMG. Immunocytochemistry localized the salivary cystatin gene products also to the serous cells, and the levels of cystatin protein correlated with the amount of cystatin mRNA, with a much stronger signal in the SMG than in the PG.
INTRODUCTION
Cystatins are potent inhibitors of cysteine proteinases such as ficin, papain and cathepsins B, H and L (Anastasi et al., 1983; Abrahamson et al., 1986; Barrett et al., 1986b) . Despite their structural diversity, this physiological function is common to all the members of the cystatin superfamily, suggesting that they are derived from a common ancestor (Muller-Esterl et al., 1986; Saitoh et al., 1988) . Recently, constructed a scheme for the evolution of the diverse group of proteins that show sequence identity with chicken cystatin. Data from the comparison of amino acid sequences were supplemented with other evidence, such as the occurrence of disulphide bonds, the numbers of internal sequence repeats in the molecules and biological function. As a result, they suggested that additional families be recognized to accommodate the proteins that are not included in the previously established cystatin families 1, 2 and 3 (Barrett et al., 1986a,b) . For example, rice cystatin, which appears to be intermediate between family 1 and 2, might be assigned to a fourth family, whereas histidine-rich glycoprotein and a2HS-glycoprotein might be members of new families; however, they point out that no data are available regarding the last two proteins as cysteine-proteinase inhibitors.
Human saliva contains multiple forms of cystatins which belong to family 2 of the cystatin superfamily. These were first isolated as cysteine-containing phosphoproteins by Shomers et al. (1982a) . Isemura et al. (1984a Isemura et al. ( , 1986 Isemura et al. ( , 1987 determined the amino acid sequence of cystatin S (then named SAP-1), cystatin SN (neutral pl) and cystatin SA (acidic pl) isolated from human whole saliva. Each protein contained 113 amino acids and showed 90% sequence identity with the other two salivary cystatins. These cystatins had about 54 % sequence identity with cystatin C, which also belongs to family 2, but is found in high amounts in cerebrospinal fluid and urine (Grubb & Lofberg, 1982; Brzin et al., 1984; Ghiso et al., 1986) . It was suggested that the cystatins originally characterized from whole saliva were degraded by aminopeptidases, since later on cystatins S (Hawke et al., 1987; Saitoh et al., 1988) and SN (Al-Hashimi et al., 1988) with an additional eight residues at the N-terminus (total of 121 residues) were isolated from glandular saliva. Genes encoding cystatins SN and SA have been cloned and sequenced . They are composed of three exons and two introns, and one gene spans about 4.0 kbp of the genomic DNA. The proteins deduced from the coding sequences comprise a secretory signal peptide of 20 amino acids, followed by a secreted peptide of 121 amino acids. A cDNA clone, 594 bp long, encoding a fulllength cystatin SN (then termed SA-I) was isolated and sequenced by Al-Hashimi et al. (1988) . Saitoh et al. (1988) isolated and sequenced a truncated cDNA clone encoding 50 amino acid residues from the C-terminus of salivary cystatin, which is identical with the cystatin S sequence, except that amino acid residue 115 is asparagine rather than aspartic acid. The decoded sequence was also identical with the corresponding portion of cystatin SA, except at amino acid position 101, where glutamine replaced glutamic acid.
Although much attention has been given to the physiological functions and inhibitory mechanisms of cystatins, the precise structural requirements for these activities remain to be determined. A possible mode of interaction of chicken egg-white cystatin with papain has been proposed in which three parts of the inhibitor (the N-terminus and two hairpin loops containing residues 53-57 and 102-107) are important for the inhibition of papain (Bode et al., 1988) . Studies on the structure-function relationships of salivary cystatins will be greatly facilitated by the availability of cDNA clones encoding the salivary cystatins. Accordingly, the present study describes the isolation and analysis of cDNA clones encoding human salivary cystatin S and SN from a submandibular-gland (SMG) cDNA expression library. In addition, we have examined the relative level and location of cystatin-gene transcripts in normal human salivary glands by in situ hybridization and have localized salivary cystatin-gene protein products by immunocytochemistry. The information obtained on patterns of cystatin-gene expression in normal human tissues should provide a basis for further studies on the pathogenesis of salivary-gland neoplasia.
MATERIALS AND METHODS

Materials
The following were purchased from Promega ( 
Human salivary-gland tissue
Normal SMG tissue was obtained after prophylactic radical neck dissection from a 72-year-old male afflicted with a nasopharyngeal carcinoma. Parotid tissue was obtained from a patient with a history of chronic inflammatory disease of the lateral neck. Informed consent was obtained from patients before surgery. Immediately after excision, specimens were stored in liquid N2 until used.
Construction of an SMG cDNA library
RiboClone cDNA Synthesis System Kit was used for the synthesis of the double-stranded (ds) cDNA. Protocols described by Promega and Sambrook et al. (1989) were followed. Total SMG RNA was isolated from 1.0 g of tissue by extraction with guanidine isothiocyanate followed by centrifugation in a CsCl gradient. Poly(A)+ RNA was selected by affinity chromatography on an oligo(dT)-cellulose column. The A gtl 1 Sfi-Not expression vector was used as a cloning vehicle. Directional cloning was achieved with a unique oligodeoxynucleotide primer-adaptor containing the recognition site for NotI upstream from an oligo(dT)15 sequence which primed the first-strand synthesis. EcoRI adaptors were added to the double-stranded cDNA, which was followed by digestion with NotI and ligation of the cDNA to the EcoRI-NotI dephosphorylated A gtl 1 Sfi-Not vector arms. Ligated DNA was packaged into the Packagene Lambda DNA Packaging System. The titre of the library was determined on the Y1090 host strain (Young & Davis, 1983) to be 6 x 106 independent clones. One half of this library was amplified on the Y1090 host (Sambrook et al., 1989) (Shomers et al. 1982 ) and the Protoblot Immunoscreening System, following the manufacturer's instructions. Several positive clones were purified by additional rounds of screening.
Screening of library with C44 probe and amplification of cDNA inserts by linear PCR (LPCR). An insert of cDNA clone, designated C4-4, which encodes the 5'-terminally truncated cystatin S (see the Results section) was used as a hybridization probe for selection of additional cystatin clones. DNA was labelled by random priming using the Genious Nonradioactive DNA Labeling and Detection Kit. Positive plaques were eluted, and aliquots of the eluted plaques were used directly for amplification in vitro by LPCR using a DNA thermocycler (Smith et al., 1990 (Devereux etal., 1984) . For DNA alignment, the GAP program was used (Needleman & Wunsh, 1970 2.0- (C4-4, Fig. 1, lane 8) encoded only the last seven amino acids of a secreted cystatin, as well as the 3'-untranslated region (see Figs. 2 and 4) . The last amino acid (residue 121) differed from that of cystatin SN (alanine as against serine). This suggested that clone C4-4 encoded either cystatin SA or S and contained an internal EcoRI recognition site and that by subcloning the EcoRI-NotI fragment most of the original insert was lost. The entire insert of the A C4-4 clone was therefore cloned as a SfiI-NotI fragment into the SfiI/NotI sites of the pGemllZf(+) vector and sequenced (see Fig. 2b ). Sequencing data confirmed that the insert of clone C4-4 contained an EcoRI site, that it encoded cystatin S and showed that this was not a fulllength cDNA clone; since it lacked the 5'-untranslated region, the leader peptide region and the first four nucleotides of the secreted peptide. However, it contained the entire 3'-untranslated region, including the polyadenylation signal and the poly(A) tail.
To confirm the sequence of the SfiI-EcoRI fragment on the other strand, the SfiI-EcoRI fragment was subcloned into the pGem-1 lZf(+) vector and sequenced (Fig. 2c) . The nucleotide sequence of an entire insert of clone (C4-1) encoding cystatin SN was also determined (Fig. 4 , lower sequence) and compared with the nucleotide and decoded amino acid sequences of cDNA clones C4-4 and C3, both encoding cystatin S (see below).
Isolation and sequence analysis of a full-length cDNA encoding cystatin S The SMG cDNA library was rescreened using the insert of clone C4-4 as the hybridization probe. Twenty positive clones were plaque purified, and several of these (with C4-4 as a positive control) were used directly for amplification in vitro of DNA by LPCR, thus eliminating the need to isolate A DNA (as described in the Materials and methods section). To determine which inserts of the amplified clones encoded cystatin S (or SA) and which were larger in size than the clone C4-4, the PCR products were digested with EcoRI. The undigested and digested DNA was analysed by agarose-gel electrophoresis (Fig. 3, upper  panel) . Four cDNA inserts out of eight amplified (besides the control C4-4 clone, lane B) contained an EcoRI recognition site and therefore putatively encoded cystatin S or SA. Two of these undigested inserts (C3, lane C; and C12, lane M) were larger than the insert of the C4-4 clone (lane A). To determine whether the C3 and C12 inserts were longer at their 5'-end [rather than in their poly(A)+ tail length], a Southern blot of the same gel was probed with a cystatin 5'-end-specific probe (SfiI-EcoRI fragment of the C4-4 insert. §The hybridization results, shown Vol. 278 Direct sequencing of the double-stranded PCR-amplified cDNA inserts of C3 and C12 was performed as described in the Materials and methods section (Kusukawa et al., 1990) . Problems associated with direct sequencing of double-stranded DNA generated by PCR can include carry-over of primers and template re-annealing. These were overcome by purification of PCR products on a low-melting agarose, use of a Geneclean Kit (which also removes dNTPs), use of 32P-labelled sequencing primers and annealing of primer to template by a snap-cooling procedure. When the termination mixes supplied in the Sequenase kit were used without modification, the sequencing reactions terminated very quickly, resulting in a short sequencing ladder. After increasing the dNTP to ddNTP ratio 3-fold (from 80: 1 to 240: 1), the sequencing ladder was readable for about 200 nucleotides (results not shown). Both C3 and C12 inserts encoded cystatin S. C3 is the same length as Cl-l and C4-1 (which both encode cystatin SN), whereas C12 is 20 bp shorter at its 5'-end.
The composite nucleotide sequences and the decoded amino acid sequences of the C3 and C4-4 clones are shown in Fig. 4 (upper sequence), where they are compared with clone C4-1 encoding cystatin SN (lower sequence). Clone C3 is 736 bp long [excluding the poly(A) tail] and consists of 56 bp of the 5'-untranslated region, followed by 60 bp encoding a putative signal peptide of 20 amino acids, 366 bp encoding the secreted protein of 121 amino acids and the stop codon, and 254 bp ofthe 3'-untranslated region containing a polyadenylation signal AATTAAA located 13 bp before the poly(A) tail. The sequence of C4-1, encoding cystatin SN, agrees with the sequence of the clone designated lOG5. 1, previously described by Al-Hashimi et al. (1988) with some exceptions. The first 14 nucleotides found at the 5'-end of clone 1OG5.1 was not found in any of the clones analysed in the present study, and the sequence of C4-1 loses its similarity to lOGS.1 in the 3'-untranslated region after a nucleotide marked by an asterisk. The 3'-untranslated region of clone C4-1 agrees with that of genomic DNA clone encoding cystatin SN . Therefore the part of the 3'-untranslated region of the clone lOG5.1 may represent a cDNA cloning artefact. The C4-1 clone is also longer than clone lQG5. (Figs. 5c and 5d) . Similarly, mRNA in serous acinar cells of the PG hybridized to the same probe, whereas no hybridization signal specific for cystatin was observed in parotid ductal and myoepithelial cells (Figs. 6a and  6b) . However, the hybridization signal in parotid tissue was less intense than in the submandibular tissue. Moreover, the signal was not present in all the acinar cells, but only in discrete areas that showed a weak signal, slightly above background. This difference in signal hybridization intensity appears real, since submandibular and parotid tissue sections were run on the same slides, thereby diminishing the likelihood of experimental variation. Again, negative controls consisted of tissue sections hybridized with the sense riboprobe ( Fig. 6c and 6d ).
Immunocytochemistry
The immunocytochemical findings correlated with the results of hybridization in situ. Again, only glandular serous cells gave a detectable signal, whereas the mucous, myoepithelial, and ductal cells (intercalated, striated and excretory) were negative (Fig. 7a) . Moreover, there was a stronger signal in the submandibular (Fig. 7a ) than in the parotid tissues (Fig. 7c) . In addition, different staining characteristics were observed in the tissues examined. The submandibular gland showed a homogeneous and intense staining of the serous cells, whereas the parotid tissue displayed both a focal and less intense staining of Vol. 278 633 the serous elements. All the sections incubated with the nonimmune rabbit serum displayed no immunoreactivity (Figs. 7b  and 7d ).
DISCUSSION
The cDNA clones C3, C 12 and C4-4 encoding salivary cystatin S show a high degree of identity with the cystatin SN cDNA clone C4-1. A high degree of identity was also found with the 3' terminally truncated cystatin SN cDNA described by Al-Hashimi et al. (1988) and with the genomic clones, CSTI and CST2, encoding cystatin SN and SA respectively . The overall identity between clones C3 (S) and C4-1 (SN) was 94.6 %. Interestingly, DNA identity was higher in the 5'-(98.2 %) and 3'-untranslated regions (96.9 %) than in the protein-coding regions (85.0 % and 93.7 % identities in the leader and secreted peptide regions respectively). Generally, protein-coding regions show higher identities than the flanking regions, owing to the higher selective pressure on the coding sequences. The decoded amino acid sequence of the secreted protein agrees with the sequence of cystatin S determined by Isemura et al. (1984a) , except that residue 115 is asparagine rather than aspartic acid. Asparagine is also found in this position in cystatin SA (in both the protein isolated from saliva and decoded amino acid sequence of the genomic clone), whereas lysine is found in cystatin SN. In addition, the DNA sequence of this region in cystatin SA and S contains a distinguishing feature from cystatin SN, namely a recognition site for the restriction enzyme EcoRI.
Since in situ hybridization allows detection and localization of specific nucleic acid sequences directly within a cell or a tissue, the specific mRNAs can be detected in heterogeneous cell populations where only one of multiple sets of cells may be transcribing a particular message (Lum, 1986; Singer et al., 1986) . The human SMG contains a mixture of serous and mucous acinar cells, whereas the PG contains just serous cells. Hybridization in situ localized the cystatin mRNA to the serous acinar cells of both SMG and PG, but a much higher concentration of salivary cystatin mRNA was found in the SMG. Higher levels of the salivary cystatin mRNAs in the SMG then in the PG were also found by Sabatini et al. (1989) , who studied tissue distribution of cystatin mRNAs in human and macaquemonkey tissues by Northern-blot analyses using a human salivary cystatin partial cDNA clone as a hybridization probe. None of the other tissues they examined showed detectable hybridization signal.
The immunocytochemistry data indicated that the levels of salivary cystatin expression correlated with the amount of salivary cystatin mRNA and also localized the salivary cystatins to the serous cells of the submandibular and parotid glands. These results agree with the immunohistochemical findings of Isemura et al. (1984b) .
Although both salivary cystatins and cystatin C belong to family 2 of the cystatin superfamily, their expression may be regulated differently. The expression of human salivary cystatins seems to be restricted to salivary tissues with far more mRNA found in SMG than in PG (see above). Cystatin C was expressed in every human tissue examined, including kidney, liver, pancreas, intestine, stomach, lung and placenta with the highest expression seen in seminal vesicles (Abrahamson et al., 1990) ; human salivary-gland tissues, however, were not examined. The authors postulated that this apparently non-tissue specific expression may be related to the structure of the 5'-flanking region of the cystatin C gene. In particular, the promoter region lacks a typical CAAT box and contains binding sites (GC-rich elements) for transcription factor Sp 1, a property associated with the promoter region of 'housekeeping' genes. In contrast, the 5'-flanking regions of cystatin SN and SA genes lack the SpI binding sites and contain the CAAT box .
In general, an increase in local proteinases and proteinase inhibitors have been observed in the presence of inflammation (Keilova & Tomasek, 1977; Jarvinen, 1978) , acquired immunodefficiency syndrome (Alavaikko et al., 1985) and malignancy (Sloane & Honn, 1984; Okumichi et al., 1984) . In particular, salivary cystatins may participate in modulation of dentalplaque-mediated diseases by inhibiting cysteine proteinases of oral bacterial origin. Indeed, the potential anti-bacterial activity of salivary cystatins was first suggested by Obenauf et al. (1984) . Also, Babnik et al. (1988) demonstrated the presence of the three families of cysteine-proteinase inhibitors (kininogens, stefin A, and cystatin C) in inflamed human gingiva. Skaleric et al. (1989) found an inverse correlation between cystatin C concentration in gingival samples and average pocket depth around the teeth of periodontal patients. Salivary cystatins are involved in the formation of the enamel pellicle acquired in vivo (Levine et al., 1985; Al-Hashimi & Levine, 1989) and may play a role in mineralization processes (Shomers et al., 1982b; Johnsson et al., 1991) . Cystatins are also being investigated as potential anti-viral agents (Korant, 1988; Korant et al., 1988) . Earlier studies demonstrated the ability of chicken cystatin to alter intracellular proteolytic processing of poliovirus proteins, resulting in a reduction of virus yield (Korant et al., 1985) . Bjorck et al. (1990) also found that a recombinant human cystatin C displayed strong inhibitory effects on Herpes simplex virus type 1 replication, with no significant effect on poliovirus type 1.
A complete understanding of the function(s) of human salivary cystatins requires a detailed structural knowledge of these molecules. The availability of the cystatin cDNA clones will facilitate these studies. For example, recombinant salivary cystatins with different structural variations can be used to investigate their diverse biological properties. In fact, we have recently been able to express large amounts of biologically active cystatin SN and S in an E. coli system (Bobek et al., 1990 (Bobek et al., , 1991 A. Bobek, X. Wang & M. J. Levine, unpublished work) . Similarly, molecular biological reagents can be used to examine regulatory elements involved in the cystatin gene expression in both normal and diseased salivary tissues.
